The L3 23K protein was isolated from adenovirus type 2 and shown to cleave purified substrates, confirming that this protein is the adenovirus protease. Separate antisera, prepared against the amino-and carboxyterminal regions of the 23K protein react with active protease, demonstrating that, contrary to previous reports, zymogen activation is not involved in the regulation of this enzyme. Molecular exclusion chromatography indicated that the protease is active as a monomer. Purified protease was shown to be inhibited by Zn 2+ and Cu 2+ and by some, but not all, recognized cysteine protease inhibitors, indicating participation of a thiol group and providing additional support to the suggestion that regulation of the enzyme involves a form of thiol-disulphide interchange.
The L3 23K protein was isolated from adenovirus type 2 and shown to cleave purified substrates, confirming that this protein is the adenovirus protease. Separate antisera, prepared against the amino-and carboxyterminal regions of the 23K protein react with active protease, demonstrating that, contrary to previous reports, zymogen activation is not involved in the regulation of this enzyme. Molecular exclusion chromatography indicated that the protease is active as a monomer. Purified protease was shown to be inhibited by Zn 2+ and Cu 2+ and by some, but not all, recognized cysteine protease inhibitors, indicating participation of a thiol group and providing additional support to the suggestion that regulation of the enzyme involves a form of thiol-disulphide interchange.
Limited proteolysis of six virus structural proteins, pVI, pVII, pVIII, IIIa, preterminal protein and the l lK protein, is required for the production of mature infectious adenovirus particles (Anderson et al. 1973; Tremblay et aI., 1983; Boudin et al., 1980; Weber, 1976) . The isolation of a temperature-sensitive (ts) adenovirus type 2 (Ad2), Ad2tsl, defective in protease activity at non-permissive temperatures, and the mapping of the mutation led to the suggestion that the virus encoded L3 23K protein is the protease (Yeh-Kai et al., 1983) . The expression of this protein using Escherichia coli and baculovirus systems has lent support to this proposal (Anderson, 1990; Webster et al., 1993) . The precursor proteins in adenovirus are required for virus assembly, indicating that the protease must be subject to some form of control in order to prevent premature proteolysis interfering with construction of the virus capsid (Hannan et al., 1983) , and a number of theories have been put forward in this regard. Chatterjee & Flint (1987) presented evidence to suggest that the 23K protein is both phosphorylated and proteolytically activated whilst Houde & Weber (1990) went further and proposed that the adenovirus protease is autocatalytically cleaved at Ala(46)-Gly(47). This cleavage site, however, does not fit the consensus sequence described by Webster et al. (1989 a) to define the substrate specificity of the protease, and Anderson (1990) found that a deletion mutant of the 23K protein, lacking amino acid residues 5 to 15 was not active, suggesting that the N-terminal region is necessary for proteolytic activity. More recently it has been shown that purified recombinant 23K protein is activated by a disulphide-linked peptide (Webster et al., 1993) .
In this study we used antisera specific for the terminal regions of the adenovirus protease to show that the intact L3 23K protein is the active enzyme and that it is not proteolytically activated. We also describe a method for purifying active protease from Ad2 and describe the effects of a wide range of inhibitors and divalent ions on the purified virion-derived protease using a synthetic peptide substrate.
Ad2 was grown in suspension culture in HeLa cells, extracted and purified as described by Russell & Blair (1977) and disrupted by dialysis against hypotonic buffer (10 mM-Tris-maleate pH 6.4), as described by Webster et al. (1989b) . Disrupted virus from 61 infected cells was mixed with an equal volume of 50 m~-Tris-HC1, 5 mM-EDTA, 4 M-urea, pH 7-5, extracted on ice for 10 min and centrifuged for 5 min at high speed in a microcentrifuge. The pellet was resuspended in 600 gl of 50 mM-Tris-HC1, 5 mM-EDTA, 2 M-urea, 2 M-NaC1, pH 7"5, extracted on ice for 30 min, centrifuged at 100000g for 15 rain and the resulting supernatant was applied to a Superdex 75 gel filtration column equilibrated with 50 mM-Tris-HC1, 5 mM-EDTA, 1 M-NaC1, pH 8"0. Fractions were collected and 10 gl of each was assayed for protease activity as previously described (Webster et al., 1993) using both the peptide MSGGAFSW and Ad2tsl-infected cell extracts as substrates. Activity was detected, using both assays, in fractions 13 to 17, with maximum activity in fractions 14 and 15 (Fig. 1) . These fractions were desalted using an FPLC fast desalting column equilibrated with 25 raMammonium bicarbonate pH 8, lyophilized separately and analysed by SDS-PAGE. The Coomassie blue-stained gel showed that fractions 14 to 16 contained a single 0001-1519 © 1993 SGM band of M r 20K (Fig. 1) . The corresponding Western blot showed that this band reacted strongly with the antiserum raised against the synthetic peptide MGSSEQELKAIVKDLGC representing the N-terminal 17 residues of the Ad2 23K protein (Webster et at., 1993) . Identical results, showing a band with the same mobility, were obtained in Western blots using an antiserum against the peptide CQIRSATSFCHLKNM. This peptide represents the C-terminal 14 residues of the 23K protein with a cysteine residue added to enable coupling to the carrier protein, human serum albumin, by the method of Scheidtman (1989) . Calibration of the column using M r standards revealed that the protease eluted between soybean trypsin inhibitor (SBTI), (21K) and myoglobin (17K) indicating that the protease is active as a monomer. The 23K protein has thus been purified to homogeneity from Ad2 and shown to possess proteolytic activity. The L3 23K protein has been assumed to be the adenovirus protease on the basis that the mutation in the protease-deficient mutant, Ad2tsl, was mapped to the gene coding for that protein. Prior to this report, however, proteolytic activity has normally been assessed by following the cleavage of precursor proteins in unfractionated cell extracts, generally without purification of the protease, leaving the possibility that the L3 23K protein, although essential for proteolysis, was not itself the protease. By using purified protease and a homogeneous substrate we have unequivocally demonstrated that the L3 23K protein is the adenovirus protease. Although the yield of protease from 6 1 of the infected cells was only 2 gg, the method described provides a source of purified, active protease suitable for further study in homogeneous assay systems.
Fusion proteins of the protease with glutathione-Stransferase (GST) were prepared using the plasmid pGEX-2T (Smith & Johnson, 1988) . The DNA encoding the desired region of the 23K protein was copied from Ad2 virion DNA using PCR with four oligonucleotide primers,
GCGCGGATCCCCATATTTTTTGGGCACCTATG-ACAAGCGC and (iv) GCGCGAATTCTTAGTGG-CGCTCCAGGAAGCTGTAGAG. The PCR products from primers (i) and (ii) and from (iii) and (ii) were cloned separately into the B a m H I site of pGEX-2T to give the GST 23K and GST-23KAN fusion proteins respectively. GST-23K contained residues 2 to 204 of the Ad2 protease, and GST-23KAN contained residues 19 to 204. The product from primers (i) and (iv) was cloned into pGEX-2T cut with B a m H I and EcoRI to give GST-23KAC containing residues 2 to 181 of the 23K protein. This is shown schematically in Fig. 2(a) . Recombinant plasmids were transformed into E. coli JM101 cells for expression and the resulting cells were disrupted by treatment with lysozyme and analysed by SDS-PAGE. The proteins from two identical gels were transferred to nitrocellulose; one was probed with the N-terminal peptide antiserum, and the other with the C-terminal peptide antiserum. As can be seen in Fig.  2(b) , both antisera reacted with the GST-23K fusion protein. The N-terminal peptide antiserum, however, did not react with GST-23KAN, nor did the C-terminal peptide antiserum with GST-23KAC. Hence, both peptide antisera are specific for the respective terminal regions of the protease.
Although the total yield of fusion protein was high, at approximately 20 mg/1, this expression system has no advantage over that using the pET-3c vector (Anderson, 1990) or the baculovirus system (Webster et al., 1993) because most of the fusion protein was insoluble and there was a significant amount of proteolytic degradation of all the fusion proteins. The latter could be caused by E. coli proteases or by the action of the 23K protein, which was the explanation given by Houde & Weber (1990) to account for similar digestion of a Protein A-23K fusion protein. When the inductions and extractions were carried out in the presence of 1 mM-ZnCI~, a potent inhibitor of the Ad2 protease (Fig. 4) , the same degree of digestion was observed. Furthermore, incubation of fusion proteins with active Ad2 protease did not result in any further degradation (results not shown). In this case, therefore, E. coli proteases appear to be responsible for the proteolysis of the GST-23K fusion protein and a similar phenomenon may have been responsible for the degradation of the Protein A-23K fusion protein observed by Houde & Weber (1990) .
Having shown that the 23K protein is the adenovirus protease and that the antisera to the terminal regions of the 23K protein do not react with other regions of the molecule it was possible to investigate reports that the Ad2 protease requires proteolytic activation. Disrupted Ad2, prepared as described above, was assayed using the peptide substrate MSGGAFSW as previously described (Webster et al., 1989b) and was shown to contain active protease (Fig. 3a) . This preparation was separated by SDS-PAGE, electroblotted onto nitrocellulose and probed separately with antisera to the terminal regions and to two internal regions of the 23K protein. The antisera against the internal regions of the 23K protein were raised against the peptides CRETGGVHWMAF-AWN and CQVQPTLRRNQEQLY representing residues 48 to 61 and 162 to 175 of the Ad2 L3 23K protein with cysteine residues attached at the amino termini to enable coupling to carrier protein as described above. All the antisera detected bands of identical mobility (Fig. 3 b) and in no instances was there any sign of degradation. These results show conclusively that the full-length 23K protein is the protease and that the enzyme is not cleaved, autocatalytically or otherwise, as proposed by Chatterjee & Flint (1987) and Houde & Weber (1990) .
Previous work, which suggested that the Ad2 protease was of the cysteine class (Webster et al., 1989b) , was carried out using disrupted, purified virus as a source of protease. The recent report that the protease is activated by a form of thiol-disulphide interchange (Webster et al., 1993) raises the possibility that inhibition by thioldirected reagents was a result of their effect on the activation mechanism rather than a direct inhibition of proteolysis. To address this problem, inhibition studies were carried out using a homogeneous peptide substrate and purified active protease and compared to the results using Ad2tsl-infected cell extracts as substrate.
Inhibitor studies using p-chloromercuribenzoate (pCMB), dithiodipyridine (DTDP), leupeptin, SBTI, iodoacetate, PMSF, TLCK, TPCK and N-ethyl maleimide (NEM) were carried out as previously described (Webster et al., 1989b) using 10 ng of purified Ad2 protease per assay. Human cystatin was the kind gift of Dr M. Abrahamson (Abrahamson et al., 1988) . Initial dissolution of pepstatin, dichloroisocoumarin (DCI) and chymostatin was DMSO, o-phenanthroline was in methanol and the others were in 50 mM-Tris-HC1 pH 8-0. Control incubations with the corresponding amount of buffer, DMSO or methanol were also prepared. The results are shown in Table 1 , with the inhibitors grouped according to their target mechanistic class. None of those directed against aspartyl or metallo-proteases inhibit protease activity and, indeed, inclusion of EDTA in assay systems can increase protease activity, presumably by removing inhibitory heavy metal ions. As has been previously reported (Webster et al., 1989b) , partial inhibition by TLCK and TPCK and inhibition by PMSF, which is reversible by DTT, does occur with cysteine proteases. However, although the results presented here are consistent with the existence of an active site thiol in the purified enzyme, the failure of E-64 and both human and chicken cystatin to inhibit protease activity suggests that the adenovirus protease is not a conventional papain-like enzyme, an observation which is confirmed by sequence analysis. The active site residues of papain are Cys(25), His(159) and possibly Asn(175), but alignments of the proteases of 11 different adenovirus serotypes (Cai et al., 1992; Webster et al., 1993) have shown that the only conserved histidine [His(54) ] is closer to the N terminus of the Ad2 protease than any of the conserved cysteines, which are located at positions 104, 122 and 126.
The peptide substrate was used to assess the effects of Ca 2+, Mg 2+, Zn > and Cu > on purified Ad2 protease activity at metal ion concentrations ranging from 0.01 to 5 raM. The counter-ion in each case was chloride. Calcium and magnesium were found to have no effect on activity, but zinc and copper completely inhibited the enzyme when present at a concentration of 50 laM (Fig.  4) . In other experiments, Ni 2+ and Fe > were also found to inhibit the protease activity at concentrations of 50 gM, whereas Mn 2+ had no effect on activity at concentrations of 5 mM (results not shown). The inhibitory effects of the divalent ions were completely reversed by the subsequent addition of 25 mM-EDTA or 5 mM-DTT.
The inhibition of protease activity by zinc, copper and other transition metals (Fig. 4) taken along with the inhibition profile of the purified protease shown in Table  1 is in accord with the suggestion that the Ad2 protease is of the cysteine class (Webster et al., 1989b) . The processing of picornavirus polyproteins is inhibited by zinc (Butterworth & Korant, 1974) , and Karlstrom & Levine (1991) report that copper inhibits the human immunodeficiency virus (HIV) protease. The HIV protease is an aspartyl protease, and although the inhibition requires the presence of cysteine residues in the protein, it was not reversed by EDTA or DTT, and would thus appear to involve a different mechanism from that causing the inhibition of the adenovirus protease. There is more similarity between the Ad2 protease and the picornaviral proteases, which are cysteine proteases. In addition to inhibition by zinc, both proteases are inhibited by thiol-directed reagents such as iodoacetate, pCMB and NEM (Orr et al., 1989; Webster et al., 1989b) but not by cystatin and E-64 (Orr et al., 1989) . Definite assignment of the Ad2 protease as a cysteine centre enzyme, however, must await more conclusive evidence from site-directed mutagenesis and active site labelling. We have previously reported (Webster et al., 1993 ) that in order to cleave purified substrates, recombinant 23K protein, expressed in and purified from insect cells, required activation by the disulphide-linked dimer of a virus-derived 11-residue peptide. We proposed that the protease is synthesized in an inactive form with the active site cysteine involved in a disulphide bond that requires a form of thiol-disulphide interchange with the activating peptide or its parent molecule pVI. The results presented here support this contention by showing that a free thiol group is essential to the action of the purified viral protease.
